The preprotein translocon at the outer envelope membrane of chloroplasts (Toc) mediates the recognition and import of nuclear-encoded preproteins into chloroplasts. Two receptor components, Toc159 and Toc34, and the channel Toc75 form the Toc complex. In this study, we have analyzed the molecular architecture and organization of the Toc complex by blue native PAGE (BN-PAGE), which is a high-resolution method for separating membrane protein complexes under non-denaturing conditions. Pea chloroplasts isolated in the presence of a protease inhibitor cocktail were directly solubilized in detergent solution and analyzed by BN-PAGE and size exclusion chromatography. Subsequent immunoblot analyses indicated that the complex composed of Toc75, Toc159 and Toc34 has a molecular mass of 800-1,000 kDa. Limited proteolysis revealed a core of the Toc complex, which was resistant to proteases and detergent treatments. The stoichiometry of the three Toc proteins was calculated as approximately 1 : 3 : 3 between Toc159 : Toc75 : Toc34. We have also analyzed the Toc complex of etioplasts and root plastids. These plastids were found to have essentially the same sized Toc complex as that of the chloroplast.
Introduction
Most chloroplastic proteins are encoded by nuclear genes and synthesized in the cytosol as a preprotein which contains an N-terminal transit peptide (Leister 2003) . These proteins are then post-translationally imported across the double membrane of chloroplasts. The chloroplastic outer and inner envelope membranes contain multisubunit machineries for the import of preproteins, termed Toc (translocon at the outer envelope membrane of chloroplasts) and Tic (translocon at the inner envelope membrane of chloroplasts), respectively . So far, in pea chloroplasts, five outer envelope proteins (Toc75, Toc159, Toc34, Toc64 and Toc12) and seven inner envelope proteins (Tic110, Tic20, Tic22, Tic40, Tic55, Tic62 and Tic32) have been reported to be involved in this process (Chen and Schnell 1999 , Keegstra and Cline 1999 , Soll and Schleiff 2004 , Bédard and Jarvis 2005 .
The Toc complex mediates the initial recognition of preproteins and their subsequent energy-dependent translocation process. The Toc complex consists of at least three subunits, Toc75, Toc159 and Toc34 (Ma et al. 1996 , Kouranov and Schnell 1997 , Schleiff et al. 2003 . Toc75 is an integral membrane protein and is thought to function as a protein-conducting channel , Hinnah et al. 1997 , Hinnah et al. 2002 . Toc159 and Toc34 are homologous, membrane-associated GTPases that recognize the transit peptides of preproteins (Hirsch et al. 1994 . Toc159 consists of three domains: an N-terminal acidic domain (A-domain), a central GTP-binding domain (G-domain) and a C-terminal membrane anchor domain (Mdomain) (Chen et al. 2000 . Toc159 was originally identified as an 86 kDa protein called Toc86 (Hirsch et al. 1994 ; however, recent studies have revealed that Toc86 is a proteolytic fragment of the 159 kDa protein (Bölter et al. 1998 , Chen et al. 2000 . The A-and G-domains of Toc159 are exposed to the cytosol, and exogenously added thermolysin degrades Toc159 to a 52 kDa fragment, which corresponds to a membrane-embedded protease-resistant M-domain (Hirsch et al. 1994 , Chen et al. 2000 . Toc34 also contains a large cytosolically exposed domain, which is accessible to exogenously added thermolysin .
Although considerable information has been accumulated about the functions of individual Toc components, the molecular architecture and organization of the Toc complex itself remain to be elucidated. Schägger et al. developed blue native PAGE (BN-PAGE), which makes it possible to separate membrane protein complexes under non-denaturing conditions von Jagow 1991, Schägger et al. 1994) . BN-PAGE provides much higher resolution than density gradient centrifugation or gel filtration, and further provides a more reliable assessment of the molecular mass of protein complexes (Schägger et al. 1994) . Mitochondrial import machineries have been well characterized by BN-PAGE (Dekker et al. 1996 , Dekker et al. 1998 , Meisinger et al. 2001 . Also, the chloroplastic Tic complex was purified by BN-PAGE (Caliebe et al. 1997 , Küchler et al. 2002 . However, BN-PAGE analysis of the Toc complex has not yet been reported, probably due to a marked proteolytic degradation of the Toc complex during isolation of the outer envelope membranes and/or difficulties in solubilizing the outer envelope membrane vesicles. Therefore, we have assessed whether BN-PAGE is applicable for analysis of the molecular architecture and organization of the Toc complex without isolating outer envelope membrane vesicles, i.e. using whole chloroplasts directly.
Here we report that the intact Toc complex has an observed molecular mass of 800-1,000 kDa, which contains at least Toc159, Toc75 and Toc34. Limited proteolysis revealed a core of the Toc complex which is resistant to proteases and detergent treatments.
Results
The Toc complex has a size of around 1,000 kDa on both BN-PAGE and size exclusion chromatography Pea leaf chloroplasts were isolated in the presence of a protease inhibitor cocktail (PIC). Intact chloroplasts were directly solubilized with various detergents. After insoluble material was removed by ultracentrifugation, solubilized protein complexes were separated by BN-PAGE. The Toc proteins were detected by immunoblotting using specific antibodies against Toc75, Toc34 and Toc159. These three Toc proteins were found in the range of 800-1,000 kDa (Fig. 1) . Please note that bands in this figure marked by asterisks indicate unrelated protein complexes cross-reacting with antibodies. The 800-1,000 kDa complex was stable in concentrations of Triton X-100 up to 2% (data not shown), suggesting that this complex is highly resistant to treatment with detergents. In the presence of 1 and 0.2% digitonin (a mild detergent), the mobility of the complex shifted slightly, suggesting the presence of as yet unidentified proteins associated with the Toc complex. At 0.2% digitonin, the amount of the 800-1,000 kDa complex detected decreased (Fig. 1, lanes 4, 8 and 12 ), probably due to insufficient extraction of the Toc complex from chloroplasts. In all cases, several smeared but distinct bands in the 800-1,000 kDa position were detected in common by antibodies against Toc75, Toc34 and Toc159. This might suggest that as yet unidentified protein(s) are heterogeneously associated with the 800-1,000 kDa complex.
We could not detect clear bands corresponding to the Toc complex using the envelope membrane fraction as a starting material for BN-PAGE (data not shown), probably due to difficulties in solubilizing the membranous pellet under relatively mild solubilization conditions and/or a marked proteolytic degradation of the Toc complex during isolation of the envelope membranes.
By two-dimensional BN/SDS-PAGE, i.e. BN-PAGE followed by SDS-PAGE, we confirmed that the complexes observed in the first dimension blue native gel (Fig. 1) correspond to individual Toc proteins. Fig. 2A shows an immunoblot analysis of chloroplast extracts solubilized using 1% digitonin, which were applied to two-dimensional BN/SDS-PAGE. It was confirmed that Toc75, Toc34 and intact Toc159 migrated to identical positions on BN-PAGE, in the range of 800-1,000 kDa. As already shown in Fig. 1 , the majority of Toc75, Toc34 and Toc159 molecules are stably associated within the 800-1,000 kDa complex under several solubilization conditions. From these results, we conclude that the stably associated Toc complex, which includes intact Toc75, Toc34 and Toc159, has a size of 800-1,000 kDa.
It is noteworthy that an 86 kDa fragment of Toc159 appeared at around 350-500 kDa, and that roughly half of Toc75 and Toc34 also migrated to the same 350-500 kDa area ( Fig. 2A) . Toc159 is extremely sensitive to proteases and easily degraded during chloroplast isolation (Bölter et al. 1998 , Chen et al. 2000 . Despite the presence of PIC in all chloroplast isolation buffers, a certain degree of degradation of Toc159 was inevitable. Thus, the degradation of Toc159 to the 86 kDa frag- Fig. 1 Separation of Toc proteins by BN-PAGE. Pea chloroplasts were isolated in the presence of a protease inhibitor cocktail. Isolated pea chloroplasts were directly solubilized with the indicated concentrations of various detergents for 10 min on ice. After ultracentrifugation, the supernatant was subjected to blue native 4-14% polyacrylamide linear gradient gel electrophoresis. Proteins were denatured in the gel and then transferred to PVDF membranes followed by immunodecoration with Toc75, Toc34 and Toc159 antibodies. Molecular mass markers are ferritin (880 and 440 kDa), bovine serum albumin (132 and 66 kDa) and the internal native ribulose 1,5-bisphosphate carboxylase/ oxygenase (Rbs) complex (500 kDa). Asterisks indicate the positions of non-specific cross-reaction bands corresponding to the native Rbs complex (*), which migrates in large quantities at this position, and an unknown protein complex (**). DDM, dodecyl maltoside; Tx, Triton X-100; Dig, digitonin. ment accompanies a drastic reduction in the size of the Toc complex from 800-1,000 kDa to 350-500 kDa. Possible explanations for this drastic size shift upon the degradation of Toc159 to the 86 kDa fragment will be discussed later. Fig. 2B shows an analysis using 1% Triton X-100 instead of 1% digitonin. Although Toc75 migrated mainly in the range of 800-1,000 kDa, a minor fraction of Toc75 was found in the 300-450 kDa region. The 300-450 kDa Toc subcomplex contained the 86 kDa fragment of Toc159 but no intact Toc159 (data not shown). In addition, Toc75 was also found at a low molecular mass (<100 kDa), most probably corresponding to a monomer of Toc75 ( Fig. 2B ; see also Fig. 1, lane 2) , suggesting that a minor but distinct fraction of Toc75 tends to dissociate from the Toc complex in the presence of 1% Triton X-100.
As shown in Fig. 2A , Tic110 migrated in the range of 200-300 kDa, and this size is consistent with findings of a study by Caliebe et al. (1997) . This mobility difference suggests that the Toc complex and the Tic complex, which involves Tic110, are not firmly associated under steady-state conditions.
To confirm further the 800-1,000 kDa size of the intact Toc complex, a solubilized chloroplast extract was subjected to size exclusion chromatography on a Superose 6 column. Fractions were resolved by SDS-PAGE, followed by immunoblotting with specific antibodies (Fig. 3) . Toc proteins were found in two peaks: a large sized peak (around fraction 10) and a small sized peak (around fraction 14) whose apparent molecular masses were estimated to be 1,050 and 480 kDa, respectively. The large sized peak contained intact Toc159, Toc75 and Toc34, corresponding to the intact Toc complex. The small sized peak contained the 86 kDa fragment of Toc159, Toc75 and Toc34, corresponding to the degraded Toc subcomplex. These sizes and constituents of the Toc complexes are in good agreement with the BN-PAGE results shown in Fig. 2 .
Limited proteolysis leads to large size shifts of the Toc complex and partial dissociation of Toc subunits Next, we investigated how the Toc complex is altered upon limited proteolysis. Pea chloroplasts were isolated in the presence or absence of PIC and with or without thermolysin treatment. Toc complexes in these chloroplasts were analyzed in three ways: (i) solubilized with 1% digitonin and applied to BN-PAGE (Fig. 4A) ; (ii) solubilized with 1% Triton X-100 and applied to BN-PAGE (Fig. 4B) ; or (iii) applied to normal SDS-PAGE (Fig. 4C ). (A) Isolated pea chloroplasts were solubilized in 1% digitonin-containing buffer and subjected to 4-14% BN-PAGE in the first dimension and SDS-PAGE in the second dimension, as described in Materials and Methods. Following electrophoresis, proteins were transferred to PVDF membranes and then immunodecorated with Toc159, Toc75, Toc34 and Tic110 antibodies. (B) Experiments were the same as in (A) except that 1% Triton X-100 was used instead of 1% digitonin. Immunodecoration was performed (only a representative Toc75 blot is shown). m, dissociated monomeric form of Toc75. Fig. 3 Size exclusion chromatography of the Toc complex. Total chloroplasts were solubilized with 1% dodecyl maltoside (DDM) and subjected to gel filtration on a Superose 6 column equilibrated with 0.1% DDM. Fractions (6-25) were analyzed by SDS-PAGE and immunoblotting with Toc159, Toc75, Toc34 and Tic110 antibodies. Molecular mass markers are blue dextran (2,000 kDa), ferritin (880 and 440 kDa) and bovine serum albumin (66 kDa).
When chloroplasts were prepared in the presence of PIC without thermolysin treatment, solubilization in either 1% digitonin or 1% Triton X-100 resulted in a band in the 800-1,000 kDa range (I) containing all three Toc proteins (Fig. 4A , B, lanes 1, 5 and 9). Fig. 4C shows the sensitivities of Toc75, Toc34 and Toc159 to endogenous and/or exogenously added proteases. Toc75 and Toc34 remained completely intact in chloroplasts prepared in the absence of PIC (Fig. 4C , lanes 3 and 7). In contrast, Toc159 was almost completely converted to the 86 kDa fragment during isolation of chloroplasts in the absence of PIC (Fig. 4C, lane 11 ). This conversion led to detection of the Toc complex in the 350-500 kDa area (II) as described above (Fig. 4A , lanes 3, 7 and 11; see also Fig. 2A ). At 1% Triton X-100, there was a small mobility shift in the degraded Toc complex to the 300-450 kDa area (III) (Fig. 4B,  lanes 3 and 11) . In the 350-500 kDa subcomplex (II), Toc34 was clearly detected in amounts comparable with that observed in the 800-1,000 kDa Toc complex (Fig. 4A , compare lanes 5 with 7). In contrast, although Toc75 and Toc159 were detected at around 300-450 kDa (III) (Fig. 4B, lanes 3 and 11) , the majority of Toc34 was found at a low molecular mass (<100 kDa), probably corresponding to a monomer of Toc34 (Fig. 4B, lane 7) . This result indicates that, in the absence of the A-domain of Toc159, Toc34 is quantitatively associated Fig. 4 Size changes in Toc complexes caused by native and exogenously added proteases. (A) Pea chloroplasts were isolated in the presence or absence of protease inhibitor cocktail (PIC). Following isolation, intact chloroplasts were washed twice with HS buffer not containing PIC and then incubated with (+) or without (-) 100 µg ml -1 thermolysin (Thl) for 20 min on ice. Re-isolated chloroplasts were solubilized in 1% digitonincontaining buffer and subjected to 4-14% BN-PAGE. Toc75, Toc34 and Toc159 were detected by immunoblotting as described in the legend of Fig. 1. (B) Experiments were the same as in (A) except that 1% Triton X-100 was used instead of 1% digitonin. (C) The same chloroplast samples as in (A) and (B) were analyzed by normal SDS-PAGE and immunoblotting. Chloroplasts were solubilized in 1% Triton X-100-containing buffer, and insoluble material was removed by ultracentrifugation. The supernatant was mixed with 10% SDS and 2-mercaptoethanol to final concentrations of 3.3 and 5%, respectively. These samples were denatured by heating at 95°C for 2 min and subjected to SDS-PAGE. Brackets indicate the positions of the intact and several protease-degraded Toc subcomplexes. m, dissociated monomeric forms of each Toc component. Asterisks indicate the positions of non-specific cross-reacting bands corresponding to the native Rbs complex (*), which migrates in large quantities at this position, and an unknown protein complex (**).
with the 350-500 kDa Toc subcomplex (II) under mild solubilization conditions (such as 1% digitonin), but dissociates from the Toc subcomplex under more stringent conditions (such as 1% Triton X-100). In contrast, Toc34 is strongly associated with the 800-1,000 kDa Toc complex even under stringent solubilization conditions of 1% Triton X-100. This result suggests that the A-domain of Toc159 contributes to the association of Toc34 with the Toc complex.
After the chloroplast surface was treated with thermolysin, chloroplasts were solubilized and subjected to BN-PAGE. The results obtained were almost identical irrespective of whether chloroplasts were prepared in the presence or absence of PIC (Fig. 4A-C , compare lanes 2, 6 and 10 with lanes 4, 8 and 12). Toc75 is an integral membrane protein, and was resistant to thermolysin treatment (Fig. 4C, lanes 2 and 4) . A large domain of Toc159 is exposed to the cytosol and accessible to thermolysin, leading to the appearance of a 52 kDa thermolysin-resistant fragment (Fig. 4C , lanes 10 and 12) (Hirsch et al. 1994 ). Toc34 was not visible due to the loss of the major proteaseaccessible cytosolic domain (Fig. 4C, lanes 6 and 8) . In 1% digitonin, degradation of Toc159 and Toc34 caused a shift of the Toc complex to around 250-350 kDa (IV) in BN-PAGE (Fig. 4A, lanes 2, 4, 10 and 12 ). Although Toc34 was absent, almost all remaining Toc75 and the 52 kDa fragment of Toc159 were detected in the 250-350 kDa area (IV). In contrast, the 250-350 kDa subcomplex (IV) was unstable in the presence of 1% Triton X-100 and seems to dissociate further into two subcomplexes, i.e. 270-320 kDa (V) and 200-240 kDa (VI) (Fig.  4B, lanes 2, 4, 10 and 12) . Along with partial dissociation of the 52 kDa fragment, which was found in the low molecular mass range (<100 kDa) (Fig. 4B, lanes 10 and 12) , the amount of monomeric Toc75 dissociated from the Toc complex under 1% Triton X-100 was slightly increased after thermolysin treatment (Fig. 4B, lanes 2 and 4) . Thus, while the intact Toc complex is highly stable against detergent treatments, the loss of the cytosolic domain of Toc159 causes drastic changes in the size of the Toc complex and weakens the association of Toc subunits. Since the 200-240 kDa subcomplex (VI) seems to be the smallest observable subcomplex containing both Toc75 and the 52 kDa fragment of Toc159, this subcomplex may represent a minimum core of the Toc complex.
Stoichiometry of the Toc complex
We quantified the amounts of the Toc proteins Toc75, Toc34 and Toc159 in isolated chloroplasts by standardized immunoblotting with a direct comparison of purified recombinant Toc proteins and total chloroplast extracts. Toc75 was present at 0.97 ng µg -1 of chloroplastic protein, Toc34 was present at 0.52 ng µg -1 and Toc159 was present at 0.72 ng µg -1 (Table 1) . Because some proteolysis of Toc159 was almost inevitable despite the use of PIC, and complete transfer of the large and acidic Toc159 protein to polyvinylidene difluoride (PVDF) membranes was difficult, the 86 kDa fragment of Toc159 was quantified in extracts from chloroplasts isolated in the absence of PIC. The molar ratio was calculated as approximately 1 : 3 : 3 between Toc159 : Toc75 : Toc34 (Table 1) .
From these results, we propose that a single Toc complex contains at least one molecule of Toc159, three molecules of Toc75 and three molecules of Toc34.
Toc complexes on other types of plastids The experiments described above were performed on chloroplasts from green pea leaves. We next investigated whether etioplast or root plastid (non-photosynthetic plastid) Toc complexes have a molecular architecture different from that of chloroplasts (photosynthetic plastids). In all three types of plastid isolated from pea, the Toc complexes were detected as an 800-1,000 kDa complex (Fig. 5) , suggesting that essentially the same sized Toc complex exists in all three types of plastid. Significantly greater amounts of monomeric Toc75 and Toc34 were observed in etioplasts and root plastids (Fig. 5,  lanes 2, 3, 5 and 6 ). This may indicate that the Toc complexes of etioplasts and root plastids are not associated as strongly as that of the chloroplast, or that not all existing Toc75 or Toc34 is assembled into the 800-1,000 kDa Toc complex in these nonphotosynthetic plastids.
Discussion
We report here that BN-PAGE is an effective method for analyzing the molecular organization of the preprotein translocon at the chloroplast outer envelope membrane. This study leads to five main conclusions about the organization of the Toc complex: (i) the intact Toc complex has a size of around 1,000 kDa on both BN-PAGE and size exclusion chromatography; (ii) the loss of the cytosolically exposed A-domain of Toc159 causes drastic changes in the size of the Toc complex and weakens the associations of Toc34 with the Toc complex; (iii) limited proteolysis revealed a core of the Toc complex, which consists of at least Toc75 and the M-domain of Toc159; 3.4 1.0 (iv) the stoichiometry of the three Toc proteins was calculated as approximately 1 : 3 : 3 between Toc159 : Toc75 : Toc34; and (v) the Toc complex of etioplasts or root plastids has essentially the same size as the chloroplast complex. Schleiff et al. (2003) purified the Toc complex from pea chloroplast outer envelopes by solubilization with 1.5% decyl maltoside followed by successive sucrose density gradient centrifugations. Their complex consisted of Toc75, Toc34 and the degraded 86 kDa fragment of Toc159, which was probably formed due to the absence of PIC during isolation of the outer envelope membranes. They also estimated the size of the degraded Toc complex to be ∼500 kDa by size exclusion chromatography. The Toc complex characterized by Schleiff et al. probably corresponds to the 350-500 kDa Toc subcomplex (II) observed in this study.
Several studies have reported that some Toc75 is present as free molecules (Kouranov et al. 1998 , Tu et al. 2004 . In these studies, Triton X-100 was used for solubilizing chloroplast membrane protein complexes and was present during subsequent immunoprecipitations. In comparison, we could not detect free Toc75 molecules under mild conditions such as 1% digitonin, and our experiments show that Triton X-100 tends to cause partial dissociation of Toc75 and Toc34 molecules from the Toc complex, especially when the A-domain of Toc159 is lost. From data shown here, we can conclude that, under appropriate solubilization conditions, virtually all Toc75, Toc34 and Toc159 molecules are recovered as an 800-1,000 kDa Toc complex, and not present in the free form. Immunoprecipitations under mild solubilization conditions using digitonin showed that almost all Toc proteins were efficiently coimmunoprecipitated with either Toc75, Toc159 or Toc34 antibodies (data not shown), and this also supports our conclusion.
We estimated the stoichiometry of the Toc complex in whole chloroplast fractions isolated from pea leaves as 1 : 3 : 3 between Toc159 : Toc75 : Toc34. Schleiff et al. (2003) observed a similar ratio of 1 : 4 : 4-6 molecules between Toc159 : Toc75 : Toc34 in the purified Toc complex isolated from the outer envelope membrane of pea chloroplasts.
The sum of one molecule of Toc159, three molecules of Toc75 and three molecules of Toc34 is 486 kDa. This calculated molecular mass disagrees with the observed mass of 800-1,000 kDa. Further, the size difference between the 800-1,000 kDa complex (I) and the 350-500 kDa subcomplex (II) results from loss of the protease-sensitive A-domain (73 kDa) of Toc159, but such a change in mass seems to be too large if only one (or two) Toc159 molecule(s) is present in the 800-1,000 kDa Toc complex. Two possibilities could potentially explain this significant size difference: (i) the 800-1,000 kDa Toc complex is a superdimer consisting of the two Toc core complexes; or (ii) as yet unidentified accessory proteins are attached to the Toc core complex to form the 800-1,000 kDa complex. In the former case, two molecules of Toc159, six molecules of Toc75 and six molecules of Toc34 add up to a molecular mass of 972 kDa, which is near the observed molecular mass of the intact Toc complex. In the latter case, Toc64 and/or Toc12 are potentially associating candidates, although we have not tested whether Toc64 and/or Toc12 are involved in the Toc complex because of the unavailability of antibodies against these two proteins. Further studies will be required to clarify this issue.
The characterization of the Toc complex in this study allow us to propose a model for the organization of the Toc complex presented in Fig. 6 . According to the stability of their association after partial proteolysis, the different Toc subcomplexes we detected can be distinguished as follows. (i) In the presence of PIC, the Toc complex remains largely intact, forming the 800-1,000 kDa complex (I). This Toc complex seems to be quite stable, because neither 1% digitonin nor 1% Triton X-100 causes significant dissociation. As described above, the 800-1,000 kDa Toc complex may be a superdimer of the core Toc complexes or contain as yet unidentified proteins. (ii) In the absence of PIC, the size of the Toc subcomplex becomes 350-500 kDa (II) due to degradation of Toc159 to the 86 kDa fragment. (iii) Triton X-100 causes dissociation of Toc34 from the 350-500 kDa subcomplex (II) forming a 300-450 kDa sub- Fig. 5 BN-PAGE analysis of Toc complexes in chloroplasts, etioplasts and root plastids prepared from pea. Chloroplasts were prepared from 12-day-old pea leaves, etioplasts were from 12-day-old darkadapted pea cotyledons, and root plastids were from 8-day-old darkadapted pea roots as described in Materials and Methods. These isolated plastids were solubilized in 1% Triton X-100-containing buffer and subjected to BN-PAGE. Chloroplasts (160 µg of protein), etioplasts (16 µg of protein) and root plastids (26 µg of protein) were applied to the gel. Following electrophoresis, proteins were detected by immunoblotting with Toc75, Toc34 and Toc159 antibodies. m, dissociated monomeric forms of each Toc component.
complex (III). (iv)
After digestion with thermolysin, the Toc complex is reduced to 250-350 kDa (IV) due to further degradation of Toc159 to a 52 kDa fragment and degradation of the cytosolic domain of Toc34. (v) Triton X-100 causes dissociation of some Toc159 from the 250-350 kDa subcomplex (IV) and forms a 200-240 kDa subcomplex (VI), which is the minimum observable core of the Toc complex and contains at least Toc75 and the 52 kDa fragment of Toc159.
In this study, we have shown that BN-PAGE can be used to analyze the Toc complex. In Arabidopsis, the Toc159 family comprises four proteins (atToc159, atToc132, atToc120 and atToc90), and the Toc34 family comprises two proteins (atToc33 and atToc34). Interaction maps among these homologs are not well established, and we think that BN-PAGE analysis of Arabidopsis chloroplasts will help to address this problem. Several Arabidopsis mutants defective in Toc genes have been reported Schleiff 2004, Bédard and Jarvis 2005) . We anticipate that BN-PAGE analysis of these mutants may provide more detailed information on the organization of the Toc complex in the future.
Materials and Methods

Plant materials and intact chloroplast isolation
Pea (Pisum sativum var. Alaska) seedlings were grown on vermiculite in a growth chamber under 14 h light at 25°C/10 h dark at 23°C cycles for 12-13 d. Intact chloroplasts were isolated as described previously (Bruce et al. 1994 , Hirohashi et al. 2001 , Asakura et al. 2004 , Schulz et al. 2004 ) with the following modifications. About 20 g of pea leaves were homogenized in 400 ml of blending buffer [50 mM HEPES-KOH, pH 7.8, 330 mM sorbitol, 2 mM EDTA, 1 mM MnCl 2 , 1 mM MgCl 2 , 50 mM sodium ascorbate (freshly added in powder)] containing 5 µl ml -1 PIC (protease inhibitor cocktail for plant extracts; P-9599, Sigma, St Louis, MO, USA). The homogenate was filtered through four layers of Miracloth (Calbiochem) and then centrifuged at 4,000×g for 3 min. The crude chloroplast pellet was resuspended in HS buffer (50 mM HEPES-KOH, pH 7.8, 330 mM sorbitol) and overlaid onto 30% (v/v) Percoll in HS buffer. After centrifugation at 1,350×g for 15 min in a swinging bucket rotor, the pellet was washed twice with HS buffer. Purified intact chloroplasts were stored on ice in the dark until use. The PIC was added at all stages of the chloroplast isolation procedures to a final concentration of 5 µl ml -1 (Chen et al. 2000) .
Preparation of etioplasts and root plastids
Etioplasts were isolated by the following conventional procedure. Pea seedlings were grown on vermiculite for 12 d in complete darkness at 20°C. Etiolated cotyledons were collected and homogenized with blending buffer containing 5 µl ml -1 PIC. The homogenate was filtered through four layers of Miracloth and centrifuged at 4,000×g for 5 min. The crude etioplast pellet was resuspended in HS buffer and purified through a 30% (v/v) Percoll cushion in HS buffer. Isolation of intact etioplasts was confirmed by phase-contrast microscopy.
Root plastids were prepared essentially according to the widely accepted method which had been established by Bowsher et al. (1989) . Pea seedlings were grown on vermiculite for 8 d in complete darkness at 20°C. Roots were collected and homogenized with blending buffer containing 5 µl ml -1 PIC. The homogenate was filtered through four layers of Miracloth and centrifuged at 4,000×g for 10 min. The crude plastid pellet was resuspended in HS buffer and overlaid on a step gradient, composed of 10 and 80% (v/v) Percoll in HS buffer. After centrifugation at 4,000×g for 5 min using the swinging bucket rotor, a root plastid band which appeared at the boundary between 10 and 80% Percoll was collected. This fraction was diluted with HS buffer and centrifuged at 4,000×g for 5 min. Isolation of intact root plastids was confirmed as above. The PIC was added at all stages of plastid isolation procedures to a final concentration of 5 µl ml -1 . The protein content of the isolated etioplasts and root plastids was determined using Bradford reagent (Bio-Rad, Hercules, CA, USA).
Blue native gel electrophoresis BN-PAGE was performed essentially as described previously von Jagow 1991, Schägger et al. 1994, Caliebe et al. Fig. 6 Schematic representation of the entire Toc complex and various Toc subcomplexes observed in this study. A proposed model for the organization of the Toc complex based on this study. To simplify the model, the multiplicity of each component has not been drawn. A dotted moiety corresponds to other hypothetical companion proteins of the Toc superdimer and/or as yet unidentified Toc components. Details are described in the text. PIC, protease inhibitor cocktail; Thl, thermolysin; Dig, digitonin; Tx, Triton X-100. 1997). Total chloroplasts were directly solubilized in buffer containing 1% (w/v) digitonin, 50 mM Bis(2-hydroxyethyl)iminotris(hydroxymethyl)methane (BisTris)-HCl, pH 7.0, 500 mM 6-amino-n-caproic acid, 10% (v/v) glycerol, and 10 µl ml -1 PIC at a concentration of 0.5 (mg Chl) ml -1 , for 10 min on ice. Insoluble material was removed by ultracentrifugation at 100,000×g for 10 min. The supernatant was mixed with Coomassie brilliant blue G-250 solution [5% (w/v) Serva blue G, 50 mM BisTris-HCl, pH 7.0, and 500 mM 6-amino-n-caproic acid] to give a detergent : Coomassie ratio of 8 : 1 (w/w). The sample was loaded onto a 1 mm thick 4-14% (w/v) polyacrylamide gradient gel (with a 3 or 4% stacking gel) in 50 mM BisTris-HCl, pH 7.0, and 500 mM 6-amino-n-caproic acid. Electrophoresis was carried out at 100 V constant voltage in a cold chamber (4°C) overnight. Molecular mass markers used are ferritin (880 and 440 kDa; purchased from Sigma, F-4503), bovine serum albumin (132 and 66 kDa) and the endogenous Rbs complex (500 kDa).
For immunoblotting after BN-PAGE, protein complexes in the native gel were denatured by heating at 80°C for 30 min in buffer containing 3.3% SDS, 4% 2-mercaptoethanol and 65 mM Tris-HCl, pH 6.8, and blotted onto PVDF membranes (Millipore, Bedford, MA, USA) in transfer buffer (100 mM Tris, 192 mM glycine, 20% methanol) at 40 V for 3 h using a tank blotting system (Bio-Rad). Immunodecoration was performed as described below.
For two-dimensional analysis, individual lanes were excised from the first dimension native gel, and protein complexes in these native gels were denatured by the same procedure as described above. Following the heat treatment, each gel was then layered on top of a stacking gel of a 2 mm thick second dimension SDS-polyacrylamide gel and sealed with 0.5% agarose in 25 mM Tris, 192 mM glycine and 0.1% SDS. Electrophoresis was performed according to standard procedures.
Protease treatments
For thermolysin treatment, isolated chloroplasts were first washed twice with HS buffer in the absence of PIC, and then were incubated with 100 µg ml -1 of thermolysin and 1 mM CaCl 2 in HS buffer for 20 min on ice. Thermolysin was inactivated by the addition of 10 mM EDTA. Proteolyzed chloroplasts were pelleted and washed twice with HS buffer containing 5 µl ml -1 PIC.
Preparation of antibodies
All antibodies used in this study were prepared in our laboratory. Antigens of Toc75, Toc34, Toc159 and Tic110 were all overexpressed as C-terminal hexahistidine-tagged fusion proteins in Escherichia coli. Pea Toc75, Toc34, Toc159 and Tic110 sequence information was obtained from published sequences (Hirsch et al. 1994 , Kessler and Blobel 1996 , Chen et al. 2000 . Regions of antigens used were as follows: Toc75 (mature part, amino acids 132-809), Toc34 (full-length), Toc159 (C-terminal M-domain, 1,090-1,469, 42 kDa) and Tic110 (mature part, 38-996). These recombinant proteins were all purified from inclusion bodies with nickel chelate chromatography under denaturing conditions. Purified recombinant Toc75, Toc34, Toc159 and Tic110 proteins were injected into rabbits using Freund's complete adjuvant and (for subsequent boosts) Freund's incomplete adjuvant (Harlow and Lane 1988) .
Antibody purification and immunoblotting
Anti-Toc75, Toc34 and Toc159 antibodies were affinity purified as follows: recombinant Toc75, Toc34 and Toc159 antigens overexpressed in E. coli were purified using the same methods as described above. Urea and imidazole were removed by dialysis twice against a coupling buffer (0.2 M NaHCO 3 , 0.5 M NaCl, pH 8.3) containing 0.1% Triton X-100. These proteins were coupled to a 1 ml HiTrap NHS-activated HP column (Amersham Biosciences Corp., Piscataway, NJ, USA) according to the manufacturer's instructions. A 10 ml aliquot of each antiserum was passed over the antigen-conjugated column three times, and washed with 10 ml of 25 mM Tris-HCl, pH 7.5, 150 mM NaCl and 0.1% Triton X-100. Bound antibodies were eluted with ice-cold elution buffer containing 50 mM glycine-HCl, pH 2.3, 150 mM NaCl and 0.1% Triton X-100, followed by immediate adjustment to neutral pH by addition of 1 M Tris-HCl, pH 8.8.
Proteins resolved by two-dimensional BN/SDS-PAGE and SDS-PAGE were blotted onto PVDF membranes in transfer buffer (100 mM Tris, 192 mM glycine, 20% methanol) at 40 V for 3 h using a tank blotting system (Bio-Rad). Transferred blots were blocked with 5% skim milk in TBS-T (25 mM Tris-HCl, pH 7.5, 137 mM NaCl, 2.7 mM KCl, 0.05% Tween-20). Immunodecoration of Toc75, Toc34 and Toc159 was carried out using the affinity-purified antibodies, and immunodecoration of other proteins was carried out using each antiserum. The primary antibody was detected using a horseradish peroxidase-conjugated protein A (ZYMED, South San Francisco, CA, USA). Immunodecorated proteins were finally visualized by the enhanced chemiluminescence (ECL) system (Amersham Biosciences Corp.) exposed to Hyperfilm ECL (Amersham Biosciences Corp.).
Size exclusion chromatography
Total chloroplasts were solubilized in buffer containing 50 mM HEPES-KOH, pH 7.5, 150 mM NaCl, 1% dodecyl maltoside and 10 µl ml -1 PIC at a concentration of 1.0 (mg Chl) -1 ml, for 10 min on ice. Insoluble material was removed by ultracentrifugation at 100,000×g for 10 min. The clarified extract was loaded onto a Superose 6 size exclusion column (Pharmacia) equilibrated with 50 mM HEPES-KOH, pH 7.5, 150 mM NaCl, 0.1% dodecyl maltoside and 5 µl ml -1 PIC at 4°C using a SMART system (Pharmacia). Protein was eluted at a flow rate of 40 µl min -1 . Fractions of 80 µl in volume were collected and analyzed by SDS-PAGE and immunoblotting.
Quantification of Toc proteins
To determine the concentration of purified C-terminal hexahistidine-tagged proteins of Toc75, Toc34 and the truncated version of Toc159 (42 kDa), protein samples were subjected in serial dilutions to SDS-PAGE, along with a series of known concentrations of bovine serum albumin (Pierce, Rockford, IL, USA; cat. No. #23209, supplied in solution), followed by staining with Coomassie brilliant blue R-250. The dried gel was quantified using NIH image software. To quantify Toc components in chloroplasts, the purified recombinant Toc proteins of determined concentrations were subjected in serial dilutions to SDS-PAGE, along with total chloroplasts. Transferred blots were immunodecorated with primary antibody in TBS-T containing 5% skim milk and saturated poly-L-histidine (P-9386, Sigma). Poly-Lhistidine was added to deplete antibodies specific for the histidine tag. Subsequent steps were performed using the same procedures described above, except that the chemiluminescence signal was detected using an LAS-1000 image analysis system (FujiFilm, Tokyo, Japan) and the amount of proteins was quantified against a standard curve using Image Gauge ver. 3.1 software (FujiFilm).
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